Transmembrane protein 16A (TMEM16A) channels are recently discovered membrane proteins that functions as a calcium activated chloride channel (CaCC). CaCCs are major regulators of various physiological processes, such as sensory transduction, epithelial secretion, smooth muscle contraction and oocyte fertilization. Thirty novel 5-substituted benzyloxy-2-arylbenzofuran-3-carboxylic acids (B01-B30) were synthesized and evaluated for their TMEM16A inhibitory activity by using short circuit current measurements in Fischer rat thyroid (FRT) cells expressing human TMEM16A. IC 50 values were calculated using YFP fluorescence plate reader assay. Final compounds, having free carboxylic group displayed significant inhibition. Eight of the novel compounds B02, B13, B21, B23, B25, B27, B28, B29 exhibit excellent CaCCs inhibition with IC 50 value <6 μM, with compound B25 exhibiting the lowest IC 50 value of 2.8 ± 1.3 μM. None of the tested ester analogs of final benzofuran derivatives displayed TMEM16A/CaCCs inhibition.
Introduction
Formation of a transmembrane-conductive pathway for anions is a common functional characteristic of a structurally heterogeneous group of channel proteins known as anion channels. Cl -ion being the most abundant permeable anion under physiologic conditions, these channels mostly mediate Cl -currents. It is well established that Cl -channels have fundamental roles in many physiological functions. [1] [2] [3] [4] [5] [6] Members of one group of these channels are activated by intracellular Ca 2+ , and accordingly are collectively referred to as Ca 2+ activated chloride channels (CaCCs). [7] [8] [9] [10] CaCCs are present in various tissues and are fundamental mediators in numerous physiological processes including cardiac and neuronal excitation, sensory transduction, transepithelial secretion, smooth muscle contraction, fertilization, etc. [11] [12] [13] CaCCs are potential drug targets for hypertension, secretory diarrheas, asthma and pain. 14, 15 Notwithstanding the important role played by CaCCs in various physiologic functions, understanding the structure, function, and regulation of CaCCs is still far from complete owing to the uncertainty about the underlying channel protein and a lack of specific and potent chemical modulators of CaCCs. 1 Recent studies have shown that transmembrane protein 16A (TMEM16A), [16] [17] [18] also called anoctamin 1 (ANO1), is a valid molecular counterpart of the CaCCs that is activated by intracellular Ca +2 and Ca +2 -mobilizing stimuli. Owing to poor understanding about the intricacies of the CaCCs, these channels are still studied using pharmacological agents as main tools. The agents include structurally diverse chemical classes and most of the compounds available to inhibit CaCCs are either non-specific or the minimum inhibition concentration is rather high. [19] [20] [21] Thus efforts are essentially required in developing more specific inhibitors so as to enhance our understanding of the functional role and nature of these channels. Benzofuran derivatives has been shown a wide spectrum of the biological activities such as antiviral, antiinflammatory, antimicrobial, dopamine D 2 receptor antagonists, protein tyrosine phosphatase 1B inhibitors, etc. [22] [23] [24] [25] [26] Appreciation of these findings led us to investigate 5-benzyloxy-2-arylbenzofuran-3-carboxylic acids as TMEM16A/CaCC inhibitors. We focused our attention on benzofuran derivatives following a recent report from Verkman and coworkers 27 detailing the potential of benzofuran core as TMEM16A inhibitors. This is an exploratory work in search for new drugs targeting CaCCs.
Results
Novel compounds synthesized in present investigation were evaluated for their Calcium activated chloride channels inhibition using Fischer rat thyroid (FRT) cells transfected with human TMEM16A and the halide sensor YFP-F46L/H148Q/I152L. The IC 50 values calculated from YFP fluorescence plate reader assay are given in Table 1 .
The short circuit current measured for the compound B25 which exhibits the highest inhibition of CaCC/TMEM16A, in FRT cells is presented in the form of Figure 1 .
In Figure 2 , we investigated effect of the compound B25 on cystic fibrosis transmembrane conductance regulator (CFTR, a cAMP-regulated chloride channel). The compound B25 (30 μM) had little effect on CFTR Cl -conductance (inhibited by <20%).
Discussion

Chemistry
In the present investigation target compounds 5-substituted benzyloxy-2-arylbenzofuran-3-carboxylic acid derivatives (B01-B30) were synthesized mainly in the lab of Late Professor Aaron D. Mills (Department of Chemistry, University of Idaho, Moscow, ID, USA), following the synthetic route as outlined in Scheme 1. Benzofuran core structure was constructed from the conveniently available benzoylacetates (1) as starting material which in turn was prepared by sodium hydride mediated carbethoxylation of the commercially available appropriately substituted acetophenones with diethyl carbonate. 28 Zn-mediated condensation of the benzoylacetates (1) with p-benzoquinone in dichloromethane at 110 °C in a microwave reactor resulted in the formation of substituted ethyl 5-hydroxy-2-arylbenzofuran-3-carboxylates (2). Benzylation of hydroxyarylbenzofurans 2 with appropriately substituted benzyl bromides in acetone in the presence of potassium carbonate yielded ethyl 5-substituted benzyloxy-2-aryl-1-benzofuran-3-carboxylates (A01-A30) which were converted to the corresponding acids, 5-substituted benzyloxy-2-aryl-1-benzofuran-3-carboxylic acids (B01-B30) following basic hydrolysis of the ester group under microwave conditions.
The novel compounds synthesized in the present study were characterized by their IR, 1 H NMR, 13 C NMR, mass as well as elemental analysis and are in full agreement with the proposed structures. 1 H NMR of ethyl 3-aryl-3-oxopropionates (1) exhibits characteristics of 1,3-diketoesters in the form of a quartet around δ 4.2, singlet around 4.0 and a triplet around δ 1.3-1.2 ppm. In 13 C NMR, signals around δ 193.9-190.3 and δ 168.5-167.6 confirmed the presence of two carbonyl groups. A signal around δ 9.5-8.3 in the 1 H NMR of substituted benzofurans 2 can be assigned to the hydroxy group present at C-5 position of the benzofuran ring. Further a quartet around δ 4.3-4.0 and triplet around δ 1.3 can be assigned to ethoxy group of ester moiety at C-3 position of benzofuran ring. Signal in the form of doublet of doublet around δ 6.9-6.8 can be ascribed to proton present at C-6 position of benzofuran ring. 1 
Biology
The final compounds (B01-B30) were evaluated for their calcium activated chloride channel inhibition assay using short circuit current measurement following the method used previously. 29 IC 50 (μM) values calculated from YFP fluorescence plate reader assay are given for all the newly synthesized compounds in Table 1 . Compound B25 with the lowest IC 50 value of 2.8 ± 1.3 μM displayed highest potential as CaCC inhibitor in the present investigation amongst all the newly synthesized compounds. In general, compounds with a naphthyl group at postion-2 of benzofuran show better inhibition as compared to the compounds with a tolyl or anisyl group. Furthermore, compounds having 4-methylphenyl group at 2-position of benzofuran core displayed better inhibition than having 4-methoxyphenyl. Compounds B21, B23, B25, B27, B28 and B29 having naphthyl ring at 2-position of benzofuran ring and fluoro or bromo group at different positions of benzyloxy group exhibit enhanced inhibition of calcium activated chloride channels compared to compounds having other groups. Amongst the compounds having 4-methoxyphenyl group at 2-position of benzofuran ring, only B02 with an iodo group at 3-position of benzyloxy moiety exhibits strong inhibition with IC 50 value of 5.9 ± 1.9 μM. Amongst the compounds with a 4-methylphenyl group at position-2 of the benzofuran ring, compounds B13 and B19 containing a bromo substituent at the benzyloxy moiety exhibit strong inhibition with IC 50 value 3.3 ± 1.1 & 6.3 ± 1.2, respectively. The short circuit current data for B25, the best compound of the present study, is given in the form of Figure 1 . None of the tested ester derivatives of the synthesized benzofurans (A01-A030) in the present investigation show any inhibition against TMEM16A. It can be concluded from the results that a free carboxylic acid group is better than the corresponding ester group for such compounds to act as CaCC inhibitors. The selectivity of the best TMEM16A inhibitor (B25) was studied as depicted in Figure 2 . Many CaCC inhibitors strongly block the CFTR activity at the concentration showing complete inhibition of CaCC activity but B25 does not significantly affect the CFTR activity. This result suggests that B25 could be used as a selective TMEM16A/CaCC inhibitor.
Conclusion
In the present investigation benzofuran derivatives B01-B30 were synthesized and evaluated for their calcium activated chloride channels inhibition using TMEM16A. Except one compound B06, all other novel benzofuran derivatives displayed inhibition of the calcium activated chloride channels. Some of the newly synthesized compounds exhibit excellent inhibition of TMEM16A as evident from their IC 50 values given in Table 1 . Eight of the final compounds B02, B13, B21, B23, B25, B27, B28, B29 showed TMEM16A inhibition with IC 50 <6 μM. The best compound amongst all is 5-[(2,6-difluorobenzyl)oxy]-2-(2-naphthyl)benzofuran-3-carboxylic acid (B25), with IC 50 value 2.8 ± 1.3 μM. Fifteen ester analogs of the 5-(substituted benzyloxy)-2-arylbenzofuran-3-carboxylic acid were also assayed for TMEM16A inhibition but surprisingly, none of the ester analogs of the final benzofuran compounds showed TMEM16A inhibition. From the IC 50 data, it seems that compounds having fluoro or bromo groups exhibit better inhibition as compared to chloro, iodo, and phenyl. Moreover the presence of the trifluoromethyl group as substituent at 3-position of benzyloxy group does not have significant effect on the inhibitory power. From the biological assay data, it may be concluded that the presence of free carboxylic functionality is better as compared to an ester functionality to support the potency of compounds as TMEM16A inhibitors. Novel 5-substituted benzyloxy-2-arylbenzofuran-3-carboxylic acids can be used as potential research tools for pharmacological dissection of TMEM16A function.
Experimental
General
Melting points were taken in open capillaries using Thomas Hoover melting point apparatus and are uncorrected. IR spectra were recorded with MB3000 Horizon FTIR. 1 H and 13 C nuclear magnetic resonance spectra were recorded in deutrated chloroform (CDCl 3 ) or dimethyl sulfoxide (DMSO-d 6 ) using a 300 MHz Bruker spectrometer with Tetramethylsilane (TMS) as an internal standard. Mass spectrometry, DART-MS (Direct Analysis in Real Time) was done on a JEOL-AccuTOF JMS-T100LC Mass spectrometer.
General protocol for synthesis of ethyl 3-aryl-3-oxopropionates (1)
To a stirred mixture of sodium hydride (3 mol equiv) washed with hexane (3 × 15 ml), and diethyl carbonate (4 mol equiv) in 50 mL of tetrahydrofuran (THF) was added drop wise appropriately substituted acetophenone (1 mol equiv) over 30 min. Reaction mixture was refluxed for 3-4 h till color changed to dark brown and monitored by TLC (10% ethyl acetate/hexanes). The reaction mixture was cooled and acidified with 5 mL glacial acetic acid followed by addition 100 mL of ice cold dilute HCl solution. The aqueous layer was extracted with ethyl acetate (3 × 75 ml); combined organic phase was washed with saturated sodium bicarbonate, brine and water, dried over anhydrous Na 2 SO 4 and evaporated in vacuo, yielded the desired product as viscous mass in excellent yield. The compounds were characterized on the basis of their 1 H NMR and 13 C NMR spectra as reported in the literature. 30 
Ethyl 3-(4-Methoxyphenyl)-3-oxopropanoate (1a)
General protocol for synthesis of ethyl 5-hydroxy-2-arylbenzofuran-3-carboxylates (2)
Appropriately substituted ethyl 3-aryl-3-oxopropionate (1 mol equiv), p-benzoquinone (1.1 mol equiv), anhydrous ZnCl 2 (0.7 mol equiv) and 10 mL dichloromethane in a 20 mL microwavable sealed vial (with stand pressure up to 25 bars) were microwaved for 30 min at 110 °C in biotage initiator. Reaction was monitored by TLC (ethyl acetate/hexanes) and 1 H NMR spectroscopy. The crystalline solid separated out in the vial was filtered, washed with dichloromethane and dried over vacuum to provide pure product. Furthermore crude left was recrystallized from ethyl acetate-hexane to provide the desired compound in overall good yield. General protocol for synthesis of 5-aryloxy-2-arylbenzofuran-3-carboxylic acids (B01-B30) Ethyl 5-aryloxy-2-arylbenzofuran-3-carboxylate-A stirred mixture of appropriate ethyl 5-hydroxy-2-arylbenzofuran-3-carboxylate (1 mol equiv), appropriately substituted benzyl bromide (1.2 mol equiv) and anhydrous potassium carbonate (3 mol equiv) in 10 mL acetone was refluxed for 6-8 h at 80 °C over oil bath. After evaporation of solvent under reduced pressure crude product so obtained was purified by column chromatography (ethyl acetate/hexane) 1:19 yielded the desired compound (A) as crystalline solid in excellent yield.
Ethyl 5-hydroxy-2-(4-methoxyphenyl)-1-benzofuran-3-carboxylate (2a)-
5.4.
Hydrolysis of ester-A suspension of appropriate ethyl 5-aryloxy-2-arylbenzofuran-3-carboxylate (0.364 mmol) in 4 mL ethanol, 4 mL 5% NaOH and 4 mL water was microwaved in sealed tube for 10 min at 50 °C. Poured the reaction mixture in ice cold water and neutralization with dil. HCl solution resulted in precipitation of desired product as white solid. Solid so obtained was filtered, washed with water and dried to obtain the final compound (B) in excellent yield. 5-[(2,6-Difluorobenzyl)oxy]-2-(4-methoxyphenyl)-1-benzofuran-3 165.2, 161.3, 160.9, 155.9, 148.4, 140.8, 140.4, 138.3, 131.4, 129.6 
5-[(3-Fluorobenzyl)oxy]-2-(4-methoxyphenyl)-1-benzofuran-3-carboxylic acid (B01)-Mp
5-[(3-Iodobenzyl)oxy]-2-(4-methoxyphenyl)-1-benzofuran-3-carboxylic acid (B02)-Mp
5-[(4-Bromobenzyl)oxy]-2-(4-methoxyphenyl)-1-benzofuran-3-carboxylic acid (B03)-Mp
5-[(3-Chlorobenzyl)oxy]-2-(4-methoxyphenyl)-1-benzofuran-3-carboxylic acid (B04)-Mp
5.4.5.
2-(4-Methoxyphenyl)-5-{[3-(trifluoromethyl)benzyl]oxy}-1-benzofuran-3-carboxylic acid (B06)-Mp
2H, OCH 2 ), 3.85 (s, 3H, OCH 3 ); 13 C NMR (75.5 MHz, DMSO-d 6 ): 166.0, 162.2, 156.5, 149.4
Iodide quenching
TMEM16A-mediated I -influx was measured by quenching of the intracellular fluorescence generated by the halide sensor YFPF46L/H148Q/I152L, as described previously. 29 Each well of a 96-well plate was washed 3 times in phosphate buffered saline (PBS) (200 μL/ wash), leaving 100 μL PBS. Test compounds (1 μL) were added to each well at different concentrations. After 10 min, 96-well plates were transferred to a plate reader for fluorescence assay. Each well was assayed individually for TMEM16A-mediated I -influx by recording fluorescence continuously (400 ms/point) for 2 s (baseline), then 100 μL of 140 mM I -and ATP (200 μM) containing solution was added at 2 s to activate TMEM16A through the ATP-induced intracellular calcium increase. The initial rate of I -influx following each of the solution additions was compared from fluorescence data by nonlinear regression. Representative current traces showing dose-dependent inhibition of TMEM16A chloride current by compound B25. Short-circuit (apical membrane) current measured in TMEM16A-expressing FRT cells in the presence of a transepithelial chloride gradient. Inhibitors were added 5 min prior to TMEM16A activation by 100 μM ATP. Representative current traces showing inhibition of CFTR chloride current by compound B25. CFTR was activated by 10 μM forskolin in primary cultured human bronchial epithelial cells and 30 μM compound B25 added to apical bath as indicated. The remaining CFTR activity was blocked by 10 μM CFTR inh -172. Table 1 Calcium activated chloride channels inhibitory assay data of benzofuran derivatives (B01-B30). IC 50 was determined from fluorescene plate reader assay (IC 50 mean ± S.E., 
